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Introduction
Diamond-like carbon (DLC) films have been the subject of considerable attention because of their exceptional mechanical properties such as low friction coefficient and high wear resistance. [1] [2] [3] [4] Therefore, many mechanical applications of DLC films have already been put to practical use such as mechanical components, 5) automotive parts, 6, 7) hard disk heads, 8) dies, 9) and cutting tools. 10) DLC films are also expected to be used as biomaterials because they have low toxicity and excellent biocompatibility. [11] [12] [13] [14] Amorphous C:H:F films 15) and DLC:Si films 16) were demonstrated as biocompatible coating materials as well. Some interesting trials focusing on the application of DLC-based coatings to artificial joints, 17, 18) catheters, 19, 20) and stents 21, 22) have been reported. On the other hand, metallic materials, ceramics (porcelain), and polymers (resin) have been widely used as materials of artificial teeth (dentures). Gold is excellent in terms of biocompatibility and is easy to process, but it is too expensive to be applied to full dentures. Copper and silver are considered to be cytotoxic elements from the investigation of biocompatibility correlated with the levels of ions detected in the culture media in cell growth tests. 23) It is also reported that hexavalent chromium and nickel induced irregularly shaped gingiva nuclei, and beryllium and nickel decreased the dilation of rough-surfaced endoplasmic reticulum (rER) and the number of mitochondria. 24, 25) Porcelain is superior in appearance and has high mechanical strength 26) as well as high biocompatibility; 27) however, it is hard and fragile. A resin tooth has advantages in terms of appearance, processing, and cost; however, the resin tooth is easily worn out by long-term use. A light-activated polymer has been widely used as a denture because of its easy maintenance performance. The loss of a residual monomer from denture base polymers coated with an ultraviolet light-activated polymer was reported. 28) Heat-cured poly(methyl methacrylate) (PMMA) has been generally used for full dentures. The residual monomer loss and biocompatibility of PMMA were investigated by evaluating the toxicity of PMMA after subcutaneous implantation in Guinea pigs 29) and Wistar rats. 30) The initial monomer content of heat-cured PMMA is considered to be 2 to 3%. The most prominent tissue reaction was observed for the rats' tissue around PMMA among PMMA, titanium, and Co-Cr-Mo alloy implants. 30) This prominent tissue reaction around PMMA should be ascribed to damage caused by the monomer eluted from the PMMA surface. 31) The purpose of this research is to apply DLC coatings to a resin artificial tooth. DLC films were deposited on the PMMA resin artificial tooth by pulse plasma chemical vapor deposition (CVD), and not only wear resistance but also biological characteristics were investigated through wear resistance, cell cultivation, and biocompatibility tests.
Preparation of DLC Films
DLC films were prepared by pulse plasma CVD using a negative pulse power supply. Because the glass transformation temperature (T g ) of PMMA is approximately 120 C, it is essential in this series of experiments to deposit DLC films at less than 120 C. The pulse plasma CVD method enables us to deposit DLC films at a low substrate temperature, typically lower than 100 C. Therefore, this method is suitable for depositing DLC films on PMMA substrates. Plasma was initiated between two parallel electrodes. A tooth-shaped substrate of 10 Â 10 Â 5 mm 3 size was mounted on a cathode. Methane was introduced into the vacuum chamber, and negative voltage pulses were supplied to the cathode. Positive hydrocarbon ions in plasma were accelerated by the negative electric field and impinged on the substrate, and DLC films were deposited on the tooth surface. Figure 1 shows a schematic illustration of the pulse plasma CVD apparatus. Prior to the film deposition, a sputter cleaning process was applied using Ar plasma at 3 Pa for 10 min. The pulse voltage applied was À1:5 kV, and the frequency was 20 kHz. Table I shows the film deposition conditions. The voltages applied to initiate methane plasma were À500 V and À2:0 kV at a frequency of 20 kHz. The growth rate of the film by this process at a processing pressure of 10 Pa was approximately 0.2 m/h. The nanoindentation hardnesses of the films deposited at pulse voltages of À500 V and À2:0 kV ranged from 1.2 to 2.5 GPa and from 11 to 15 GPa, respectively. The former soft film is called a polymer-like carbon film (PLC) in this research. The latter hard film is generally called a DLC film.
Results and Discussion

Wear resistance
The wear resistance test was performed on a pristine PMMA tooth (control), a PLC-coated tooth, and a DLC-coated tooth using a standard toothbrush and tooth powder (Hacare). The initial weight of the teeth used ranged from 0.32 to 0.33 g. Figure 2 (a) shows an overview of the testing apparatus. This apparatus is a reciprocal wear resistance tester. The toothbrush moves above the resin tooth as shown in Fig. 2(b) . A molar-shaped PMMA tooth sample used in this experiment is shown in Fig. 2 (c). The test run was for 24 h at a sliding speed of 0.1 m/s and a load of 0.33 N. This run time was determined by expecting two years use, assuming that one brushes her/his teeth for 2 min a day. Figure 3 shows the results of the weight decrease of the three samples. The weight decrease of the pristine PMMA tooth is as large as 0.4 mg after 24 h brushing. In contrast, the weight decrease of the DLC-coated tooth could not be measured because the value was less than 0.05 mg. The wear resistance of the PLC-coated tooth was almost the same as that of the pristine PMMA tooth, and much smaller than that of the DLC-coated tooth. The wear resistance test results revealed that the DLC-coated resin tooth has a very high wear resistance against tooth brushing, and endures 24 h brushing without a marked weight decrease. The nanoindentation hardnesses of DLC and PLC films deposited on a PMMA tooth were 13.7 and 1.89 GPa, respectively. Moreover, the microindentation hardness of a pristine PMMA substrate was 0.86 GPa. The tooth powder (Hacare) contains a small amount (concentration is not announced) of hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ] ceramics whose Vickers hardness is as high as 5.0 to 5.5 GPa. 32) Therefore, PLC films whose hardness is only twofold greater than that of pristine PMMA was worn out within 6 h in the brushing test. In contrast, the hardness of the DLC film is apparently greater than that of hydroxyapatite ceramics. Hence, the wear resistance of the DLC-coated PMMA tooth is high.
Biological characteristics
The effect of DLC coatings on the reduction of toxicity of the resin artificial tooth was investigated next. It was examined by cultivating human gingival cells in a culture medium for four days with the PMMA resin powder or coated PMMA resin powder. Two types of coating were applied on the resin powder. One was a DLC film and the other was a PLC film. Those films were prepared by double deposition. Firstly, the DLC and PLC films were coated on the PMMA powders dispersed on the substrate holder. Secondly, the powders were collected, and then powders were replaced on the substrate holder and the DLC and the PLC films were coated on the powders again. The original gingival cells were extracted from tissues obtained from an extracted tooth. Cell proliferation curves were determined for the PMMA resin case, the DLC-coated PMMA resin case, and the PLC-coated PMMA resin case. The amounts of powder added were 1 g, 10 g, 100 g, and 1 mg for each case. The initial number of cells was 20,000. Figure 4 (a) shows the cell proliferation curve with the pristine PMMA powder, and Fig. 4(b) shows that with the DLC-and PLC-coated PMMA resin powders. The controls in Figs. 4(a) and 4(b) show the cell growth condition without the PMMA resin. The viable cell number increased with cultivation time and corresponds to approximately 80,000 cells after 96 h of cultivation. As compared with the control, the number of viable cells did not decrease when 1 g of pristine PMMA powder was added to the culture. However, a 10 g addition limits the cell growth to half. In fact, the number of cells decreased from 20,000 to 0 in 96 h when only 1 mg of pristine PMMA powder was added to the culture. In contrast, the number of cells increased with cultivation time when the cells were cultivated with the DLC-and PLC-coated PMMA resin powders. When both the DLC-and PLC-coated PMMA resin powders of 1 mg each were added to the culture, the cell growth rate was approximately 60% that of the control, regardless of the type of coating. These results clearly show that DLC and PLC play an important role in preventing cell death, which is caused by the elution of the PMMA monomer. The reason why the cell growth rate was slightly lower in the DLC-and PLC-coated cases than in the control is that the powder was not completely covered with the films. Moreover, immersion liquids were extracted from hotwater-immersed PMMA resin and DLC-coated PMMA resin. PMMA and DLC-coated PMMA samples of approximately 10 Â 10 Â 5 mm 3 size were added into 0.5 L of hot water and kept at 70 C for one week. The immersion liquids were cooled and added to the culture media on which 20,000 gingival cells were cultivated. The concentration of the immersion liquid was 20%. Figure 5 shows phase-contrast microscopic images of the culture media with gingival cells four days after adding immersion liquids. It is clear that the cell density of the culture media cultivated with the DLC-coated PMMA immersed liquid (c) is almost the same as that of the control (a); however, the cell density of the culture media cultivated with the PMMA immersed liquid (b) is almost one-half that of (a) and (c). These results indicate that the PMMA monomer interferes with the gingival cell proliferation.
The biocompatibility of the DLC-coated PMMA plate was investigated in a rabbit in vivo. A denture was sliced to 2 mm thickness. DLC was coated on one side of the PMMA sample. The sample was implanted in the subcutaneous tissue of a rabbit under anesthesia. The samples were recovered after four weeks, and pathology grafts were simultaneously fabricated from the subcutaneous tissue. The recovered sample was soaked in 10% formalin for three days and then immobilized and dehydrated using alcohol. Paraffin embedding was performed afterwards at 60 C for 21 h. The sample was sliced to 5 m thickness using a microtome and deparaffinized using xylol and alcohol, and then hematoxylin eosin staining was carried out. The stained graft was enclosed on a prepared slide, and observed using an optical microscope. We observed the front and back of the sample and the status of the tissue reaction at the DLC-coated and noncoated surfaces. By hematoxylin eosin staining, the nucleus is stained indigo blue, and the connective tissue is stained red. Figure 6 shows the result of the in vivo test. The connective tissue at the DLC-coated side is significantly thinner than that at the noncoated side. Moreover, the number of inflammatory cells in the vicinity of the DLC-coated surface is zero. These results led us to the conclusion that DLC-coated PMMA resin has a high biocompatibility.
The oxygen transmission characteristics were investigated to discuss the gas barrier effect of DLC films compared with that of PLC films. Figure 7 shows the effects of DLC and PLC coatings on the oxygen transmission rate (OTR) ratio of poly(ethylene terephthalate) (PET) films. The OTR value was measured using MOCON OX-TRAN 2/2 at 25 C and a relative humidity of 80%. The OTR ratios of DLC-and PLC-coated PET films are given as
where OTR ðP-PETÞ and OTR ðC-PETÞ are the OTR values of the pristine PET film and the coated-PET film, respectively. The OTR ðP-PETÞ was 25 (cm 3 /m 2 day atm). 33) Because the OTR value of the PLC-coated PET film ranged from 10 to 20 (cm 3 /m 2 day atm) regardless of film thickness, this PET film cannot serve as an oxygen gas barrier. In contrast, the OTR ratio increases with the increase in DLC film thickness, and it corresponds to 125 when the thickness of the DLC film is 110 nm. The OTR value was as small as 0.2 (cm 3 /m 2 day atm) under this condition. It is clear that DLC films exhibit significant oxygen barrier characteristics, as reported in refs. 33 and 34. These excellent gas barrier characteristics of DLC films prevent the significant tissue reaction and prompt cell death that are ascribed to the damage caused by the monomer eluted from the PMMA surface.
Conclusions
The wear resistance and biological characteristics of DLC-coated dentures were investigated through a brushing experiment and cell cultivation and in vivo biocompatibility tests. DLCs were deposited on dental parts made of PMMA resin using dc-pulse plasma CVD from methane. The wear resistance test results revealed that a DLC-coated resin tooth has a very high wear resistance against tooth brushing, and endures 24 h brushing without a marked weight decrease. Cell cultivation test results showed that when both DLC-and PLC-coated PMMA resin powders of 1 mg each were added to the culture, the cell growth rate was approximately 60% that of the control, regardless of the type of coating, whereas all the cells died when PMMA resin powders of 1 mg were added. DLC plays an important role in preventing cell death. Furthermore, the biocompatibility test using a rabbit revealed that the connective tissue at the DLC-coated side is thinner than that at the noncoated side. The numbers of inflammatory cells in the vicinity of the DLC-coated surface and the noncoated surface are 0 and 508 cells/mm 2 , respectively. The excellent gas barrier characteristics of DLC films prevent the significant tissue reaction and prompt cell death that are ascribed to the damage caused by the monomer eluted from the PMMA surface. These results led us to conclude that DLC is excellent as a coating material of a polymer artificial tooth in terms of high wear resistance and biological compatibility. The current research activities cover the fields of the carbon materials science and technology as follows: 1) deposition, characterization, and application of diamond-like carbon (DLC) films, 2) carbon nanotube (CNT) composites, and 3) novel material processing methods using carbon tools. URL: http://www.mech.titech.ac.jp/~seikei/ohtakenaoto/ohtakenaoto/ ohtakenaoto.html Mai Takashima got a master's degree from Department of Materials, Physics and Energy Engineering, Nagoya University, Japan in 2010. And now she is a third year doctor's degree student at Department of Mechanical Science and Engineering, Tokyo Institute of Technology. Her current research activities cover deposition and characterization of diamond-like carbon (DLC) films, especially focus on its tribological and anticorrosion properties.
